Object. Gamma Knife surgery (GKS) has gained increasing relevance in the treatment of metastatic brain tumors, but many metastatic tumors contain a large cystic component and often exceed the size limit for GKS. For such lesions, the authors adopted a procedure in which stereotactic aspiration is first performed and followed immediately by GKS on the same day. In this paper, the authors describe this 1-day combined procedure and evaluate its efficacy.
G
amma Knife surgery has gained increasing relevance in the treatment of metastatic brain tumors. 3, 5, 6 It allows treatment of lesions located at deep, surgically inaccessible locations as well as treatment of several lesions at the same time if necessary. In addition, GKS is less invasive than other treatment modalities and, therefore, more feasible for patients with cancer, who usually need to continue treatment for the primary disease at an advanced stage. On the other hand, GKS has its own limitations: it is not suitable for large lesions, in which risk of an acute radiation effect is high. Lesions larger than 3 cm in diameter are generally considered poor candidates for GKS and are deemed more appropriate for resection, if possible, or for fractionated external beam radiation therapy. 5, 6 Many brain metastases contain cystic components, and tumors with a large cyst are challenging lesions to manage. Complete surgical removal of the thin cyst wall containing tumor cells without damaging brain tissue is technically difficult, while the volume of the whole lesion, including the cyst wall, often exceed the size limit for GKS, even when the solid portions of tumor are small. For such lesions, we have been adopting a 2-step procedure: performing stereotactic cyst fluid aspiration, using a Leksell frame (Elekta AB), followed by GKS on the same day using the same frame. Here we describe the details of the procedure, a 1-day aspiration plus GKS protocol, Effectiveness of a 1-day aspiration plus Gamma Knife surgery procedure for metastatic brain tumor with a cystic component and present the results of this treatment option, which we believe is worth considering when feasible.
Methods
Between February 2005 and April 2010, 517 patients with brain metastases underwent GKS at Dokkyo Medical University Hospital. Of those patients, 25 harbored 25 metastatic brain tumors with cystic components. These 25 patients underwent stereotactic aspiration followed by GKS, and their cases were retrospectively analyzed. The diagnosis of brain metastasis was based on findings on MRI studies. There were 13 men and 12 women, ranging in age from 32 to 77 years (mean 58 years). The distribution of primary lesions consisted of lung cancer in 11 patients, breast cancer in 7 patients, colon cancer in 3 patients, and other malignancies in 4 patients. The cystic tumors were located in the frontal lobe in 5 patients, parietal lobe in 7 patients, occipital lobe in 5 patients, temporal lobe in 1 patient, basal ganglia in 2 patients, and cerebellum in 5 patients. The Recursive Partitioning Analysis class was I in 1 patient, II in 15 patients, and III in 7 patients, indicating that approximately one-quarter of the patients had a poor prognosis ( Table 1) .
The treatment procedure was performed in the following manner. After a local anesthetic agent had been applied to the head, a Leksell stereotactic frame was applied using fine adjustments and taking into account the location of the lesion and the presumed path for stereotactic aspiration. Magnetic resonance images were obtained, and the patient was immediately transferred to the operating room. The target, which usually was the center of the cyst, and the path for the aspiration needle were determined using Surgiplan software. The patient was placed in an appropriate position and given a local anesthetic agent before stereotactic needle aspiration commenced. Aspiration continued until no more fluid was aspirated, and the wound was closed without placement of a reservoir or drainage tubes. The patient then underwent Gdenhanced MRI, on the basis of which dose planning was made, and then GKS. The patient was usually discharged on the following day. Effort was made to deliver a prescribed dose of ≥ 20 Gy to the entire lesion (Figs. 1, 2 , and 3).
We measured tumor volume before and after aspiration, and calculated the reduction in tumor volume. After GKS, follow-up MR images with contrast enhancement were obtained every 2 or 3 months. With respect to the treatment results, the tumor was considered to be controlled if the size of the enhancing lesion had either decreased or stabilized in size compared with the pretreatment assessment. Any treatment-associated complication was recorded.
Results

Volume Reduction Due to Stereotactic Aspiration
The initial tumor target volumes, including the cystic component, ranged from 8.0 to 64.2 cm 3 (mean 20.3 cm 3 , which was equivalent to the volume of a 3.16-cm-diameter sphere, after aspiration (Table 2) .
Tumor Control by GKS
A prescribed dose of ≥ 20 Gy was delivered to 24 (96%) of the 25 lesions. Follow-up periods in the study population ranged from 1 to 27 months (median 11 months). Four patients were excluded from the analysis because they died of nonneurological causes before their first follow-up MRI examination. In 16 (76%) of the remaining 21 patients, the tumors were controlled well at the end of follow-up or at the time of the patient's death from nonneurological causes. In those patients, 5 tumors recurred between 7 and 17 months (mean 9 months) after treatment. Of those lesions, 3 tumors received salvage therapy: 2 were treated with repeated GKS and 1 tumor was resected. Two other patients were offered supportive care for poor conditions. In those patients, 3 tumors received salvage therapy: 2 were treated with additional GKS, and 1 tumor was resected. In two patients, the cystic components of the lesion increased in size and required placement of an Ommaya reservoir soon after treatment: 2 weeks post-GKS in 1 patient and 3 weeks post-GKS in the other. Cyst aspiration was necessary only once in the former patient, and a second aspiration was required 1 month after initial placement of the Ommaya reservoir in the latter. No further aspiration was necessary. Because the tumor mass itself was controlled, these cases were not considered to have had treatment failure. There was no significant complication related to the stereotactic aspiration procedure, except for intraoperative seizure events observed in 2 patients. One patient whose primary tumor was a renal cell carcinoma developed intratumoral hemorrhage 9 months after the procedure. For all patients, the 1-and 2-year Kaplan-Meier estimated survival rate was 43.1% and 14.4%, respectively (Fig. 5) . During follow-up, 19 patients died, 1 patient remained alive, and 5 patients were lost to follow-up. Of the 19 patients who died, only 3 patients displayed significant neurological progression.
Discussion
Gamma Knife surgery has been established as a powerful tool in the management of metastatic brain tumors. When feasible, it delivers good tumor control equivalent to that of open resection and WBRT, but with much less invasiveness; this minimal invasiveness is an important advantage in the care of patients with advanced systemic cancer, who occasionally have to undergo further treatment during the course of their disease. 3, 6, 9 The indication for radiosurgery, however, is limited by several factors, most frequently by the size and location of the tumor. With respect to size limits, a tumor exceeding 3 cm in diameter is generally considered unsuitable for GKS because the risk of an acute brain reaction to high-dose radiation is unacceptably high. On the other hand, many large metastatic lesions contain a large cystic portion that does not contain tumor cells, despite constituting most of the lesions' mass. Such lesions pose an challenge for neurosurgeons for 3 reasons: 1) resection of the thin layer containing tumor cells is not easy; 2) the size of the tumor easily exceeds the limit for GKS; and 3) WBRT often does not provide immediate mass reduction and resolution of neurological symptoms. When large cystic lesions are located deep in the brain or in eloquent areas, WBRT generally may be the treatment of choice. Some papers have reported that such lesions are difficult to manage and are associated with an insufficient control rate.
3,9
In search of the best treatment options for such large cystic metastatic tumor, we designed a sequence of procedures in which stereotactic cyst aspiration is immediately followed by GKS. By doing so, the target volume for GKS is reduced, enabling delivery of a sufficient prescribed dose to the tumor cells, which are usually located at the cyst wall and mural nodules. Use of the same Leksell frame for both stereotactic aspiration and GKS al- * AFV = aspirated fluid volume; Met = metastasis; NA = not available; OS = overall survival; PFS = progression-free survival; Post-Asp = postaspiration; Pre-Asp = preaspiration; VR = volume reduction achieved by aspiration.
lows a seamless flow of procedures performed in 1 day.
In most cases, we could achieve a good volume reduction, facilitating a sufficient treatment dose delivery to tumorcontaining tissue. It is fairly well established that in GKS for brain metastasis, tumor volumes inversely correlate with local tumor control rates and patient survival. Many studies have reported high tumor control rates around 90%, 8 but the local tumor control rate and patient survival decline as tumor volumes increase, especially when the lesions exceed 3 cm in diameter. 1, 9, 11, 15 The reason for poor control of large tumors by GKS is an inadequate prescribed dose. Shehata et al. 13 reported a significant decline in the tumor control rate in cases treated with < 20 Gy, whereas they found no such difference in the results of patients treated by prescribed doses > 20 Gy. Based on such data, those authors proposed 20 Gy as the minimal prescribed dose for the maximal effect. On the other hand, a high prescribed dose and a large target volume are associated with an increased risk of radiation necrosis.
4,7
The Radiation Therapy Oncology Group proposed that the maximum tolerated doses of single-fraction radiosurgery should be as follows: 24 Gy for tumors < 20 mm; 18 Gy for tumors 21-30 mm; and 15 Gy for tumors 31-40 mm in maximum diameter. 12 By reducing the target volume by performing cyst aspiration immediately before GKS, we could deliver a prescribed dose of ≥ 20 Gy in all but 1 case, in which a lower dose was prescribed because the patient had previously received radiation treatment for cerebellar lesions. In summary, the aspiration procedure effectively reduced target volumes, resolved the mass effect, and enabled an adequate prescribed dose during GKS, leading to good tumor control without acute radiation effects.
The stereotactic aspiration procedure was safe, and we did not experience any significant complications, such as hemorrhage, infection, and along-the-tract dissemination, even in relatively deep-seated lesions. Although two patients experienced intraoperative seizures, they did not develop new neurological deficits.
There are a few studies describing cyst aspiration for brain metastasis prior to radiosurgery; in these, the methods and timing of the aspiration are varied (Table  3) . 2, 10, 14, 16 In most studies, a drainage tube or Ommaya reservoir was placed during cyst aspiration and radiosurgery proceeded later. However, the volume reduction rate and tumor control rates in such studies did not differ significantly from ours. Yamanaka et al. 16 placed a drainage tube or Ommaya reservoir during cyst aspiration and followed this procedure by radiosurgery up to 60 days later. Such a two-step approach is less intensive and may be more feasible at most institutions, although it may cost more time to patients and also may increase the risk of cyst fluid reaccumulation during the longer waiting period. The 1-day approach described in our series allows both stereotactic aspiration and GKS to be performed with a single frame application, reducing the physical and psychological burden for the patient. Use of a Leksell frame provides an ac- curate stereotactic procedure that enables safer aspiration of deep-seated, relatively small cystic lesions. Another advantage would be to minimize the time window within which the cyst can reaccumulate fluid and negate the need for continuous aspiration through an Ommaya reservoir. It is still possible that the cyst shape may change during GKS, but the good control rate in our series seems to suggest that coverage of the tumor volume was sufficient. In two cases, there was rapid reaccumulation of cyst fluid after treatment, requiring placement of an Ommaya reservoir. Interestingly, the size did not change any further after Ommaya reservoir placement, and the patients did not need any additional treatment. As for tumor volume reduction, insertion of an Ommaya reservoir or a drainage tube prior to GKS was not necessary, although it was required to control cyst fluid reaccumulation after treatment in some patients. At this point, we do not have measures to predict the risk of reaccumulation in each case, but the frequency seems to be sufficiently low to adopt the 1-day aspiration plus GKS protocol if indicated.
Conclusions
One-day aspiration plus GKS is effective and less invasive than resection or WBRT for the treatment of brain metastases with a large cystic component. This strategy is the least invasive procedure for patients. Stereotactic aspiration reduces tumor volume significantly and transforms large cystic tumors into lesions more suitable for GKS.
